Keywords: rat fibroblast/actin polymerization/bistheonellide A/marinespongetoxin/cytokinesis ABSTRACT. Bistheonellide A, an inhibitor of actin polymerization from the marine sponge Theonella sp., was introduced at a concentration of 100 nM into rat 3Y1 fibroblast of 2.4 x 104 cells/ml. Within 1 h, it disrupted stress fibers, accompanied by a marked change of the cell morphology, resulting in the formation of processes from the cell surface. Further incubation for 24 h in the presence of 100 nMbistheonellide A led to binucleation in most cells and subsequent inhibition of cell cycle progression. Whenbistheonellide A was withdrawn from the culture medium, binuclear cells began to grow again within 20 h and reverted to mononuclear morphology. Flow cytometric analysis by fluorescence-activated cell sorting showed that 2C diploid DNAcontent in Gl phase was changed into 4C content of tetraploid for the bistheonellide A treated-cells in Gl phase and into 8C content during G2 and M phase. Therefore, we suggested that the bistheonellide A treatment inhibited cytokinesis, but not mitosis in M phase, and that treated cells were arrested at the early Gl phase. These effects of bistheonellide A on the cell cycle progression of 3Y1fibroblast were also observed more prominently in cells synchronized in S phase with hydroxyurea. Cells in GOphase were then activated by the addition of fetal calf serum in the presence of 100 nMbistheonellide A. Cell cycle progression of the bistheonellide A-treated cells was obviously slowed downor completely inhibited during Gl phase. These results reveal that actin filaments are not only essential to cytokinesis but also for promoting the progression of cell cycle from Gl to S phase. Actin, the kinetic and structural protein characterized as an inner muscle constituent, exists in all eukaryotic cells. Intracellular actin molecules form a cytoskeletal filamentous structure consisting of micro filaments. Moreover, actin filaments becomethe major component of the contractile ring in telophase and carry out cytokinesis (1). These dynamic functions of actin filaments depend on the regulation of the monomer polymerization and the filament assembly under the influence of various actin-binding proteins beside the interaction with myosin (2).
Actin, the kinetic and structural protein characterized as an inner muscle constituent, exists in all eukaryotic cells. Intracellular actin molecules form a cytoskeletal filamentous structure consisting of micro filaments. Moreover, actin filaments becomethe major component of the contractile ring in telophase and carry out cytokinesis (1) . These dynamic functions of actin filaments depend on the regulation of the monomer polymerization and the filament assembly under the influence of various actin-binding proteins beside the interaction with myosin (2).
To understand intracellular actin functions and actin-associated mechanisms, various experimental approaches have been employed. Amongthese, studies on cells treated with cytochalasins or fungus metabolites have shownthe necessity of actin filaments for many aspects of cellular functions (3) . Cytochalasins bind to the barbed end of actin filaments and inhibit both association and dissociation of monomers at that end. This function is similar to that of capping proteins (4) . Due to its high specificity for actin, cytochalasin D is regarded as the best probe among cytochalasins for investigation of actin functions and has been used frequently.
In recent years, various agents which disrupt actin filaments have been isolated from marine organisms. Particularly, the marine sponge is one of the best suppliers of these agents (5) . Latrunculin (6) , mycalorides (7), swinholides (8, 9) , and bistheonellides (10) have been isolated from marine sponges and found to disrupt actin filaments (ll, 12, 13, 14, 15) . Tolytoxin, which has similar functions and structures, has been isolated from cyanobacteria (16) . The agents in this group bind an actin monomer or dimer, and someof themsever actin filaments that form such small complexesas monomers or dimers. These activities affect cellular actins at concentrations of a hundred-or a thousand fold lower than that of cytochalasin D and are comparable to those of actin-sequestering and/or nibbling proteins such as profilin, cofilin, and depactin (2, 17) .
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Bistheonellide A is relatively a weak F-actin disrupting agent isolated from a marine sponge (14) . Rather than severing the actin filaments, it sequesters them, binding with two mol of actin per mol. In this report, we present the findings related to the effects of bistheonellide A on cytoskeleton and cell cycle progression of 3Y1 cultured rat fibroblasts. Wedemonstrate here that bistheonellide A has a high specificity for actin, apparently leaving the filamentous structures of other cytoskeletal components unchanged; even myosin filamentous structures were observed after treatment. Consequently, cells were affected during Mand Gl phases with the treatment of bistheonellide A. A preliminary report of this study has appeared recently (18).
MATERIALS AND METHODS

Bistheonellide
A. Bistheonellide A, originally isolated as an antitumor substance (10), was prepared from the marine sponge Theonella sp. according to Kato et al. (10) and introduced into a culture mediumat a concentration of 100 nM.It has a macrodiolide structure as shownin Fig. 1 . Measurements of Actin Polymerization. Actin was isolated from rabbit fast skeletal muscle as described by Spudich and Watt (19) and further purified using Sephadex G-200 gel nitration (20) . Actin preparation thus purified was pyrene labeled by treating with A^-(l-pyrene)iodoacetamide essentially by the method of Wendel and Dancker (21) . Actin polymerization was initiated by the addition of 50mMKC1and 2 mM MgCl2to an actin-containing buffer composed of 0.2 mM CaCl2, 0.2 mMATP, 0.5 mM/3-mercaptoethanol and 2 mM Tris-HCl (pH 8.0) (13) . Cell Culture and Cell Synchronization. Cultured fibroblast was 3Y1 B Clone 1-6 line from a Fischer rat embryo (22) . Cells were grown in a MEM mediumsupplemented with 10% fetal calf serum (FCS) (BioWhittaker) and incubated in a humidified atmosphere of 5% CO2: 95% air at 37°C. Cells were seeded at 2.0x 105 cells/4ml in a 21 cm2-petri dish for flow cytometry, and 1.6x 104 cells/2 ml in a 8 cm2-petri dish for other experiments. These were incubated for 24 h except for GOsynchronization, and used in growing stages for each experiment (23 for 20 min at room termperature. Permeabilization was carried out as described above, and cells were treated with 5% bovine serum albumin for 1 h at room temperature to avoid nonspecific interaction.
Mouse PBS, cells were stained with propidium iodide (PI) solution containing 50 //g/ml PI, 1 /^g/ml sodium citrate, 0.2% Nonidet P-40, and 0.25 mg/ml RNase A. Cellular DNAcontents of 1.0x 104 cells were then determined with a Coulter Epics Elite Esp flow cytometer. Excitation was carried out with the 488-nmline of an argon ion laser operating at a continuous output.
RESULTS
Inhibition ofActin Polymerization by Bistheonellide
A. Figure 2 shows the effects ofa sea spongetoxin, bistheonellide A, at various concentrations on actin polymerization. Whenpolymerization was monitored by an increase of fluorescent intensity for 7V-(l-pyrene)iodoacetamide labeled to actin, it was clearly demonstrated that actin polymerization was inhibited by bistheonellide A in a dose-dependent manner. Bistheonellide A of 1.5 ptM completely inhibited actin polymerization. The stoichiometry of bistheonellide A on actin was determined to be 2: 1 (14) . Details of inhibitory effects of bistheonellide A on actin polymerization and determination of stoichiometry will be reported elsewhere. Mycaloride B, another marine sponge toxin, also inhibited actin polymerization, but showed the stoichiometry on actin with 1:1 (13).
Morphological Changes of Cells Treated with Bistheonellide A. In preliminary experiments, we examined the effects of three agents, bistheonellide A, mycaloride B, and cytochalasin D on the cell shape at various doses. 3Y1 cells treated at concentrations of 100 nMbistheonellide A (Fig, 3 ), 20nM mycaloride B, and 1.5 //M cytochalasin D (data not shown) reduced the area in contact with substrate and formed processes. In addition, manycells lost their characteristic fibroblast morphol- ogy and suffered irreversible damages with higher concentrations of the respective agents. Several large vacuoles were induced in manycells treated with mycaloride B and cytochalasin D, but hardly with bistheonellide A during process formation at higher concentrations. It was considered that such formation of vacuoles should be avoided to minimize any side effects occurring with addition of reagents. Therefore, we used bistheonellide A as an agent to disrupt micro filaments for the following experiments at a concentration of 100 nM. Figure 3A shows the normal appearance of 3Y1 cells in a mediumwith FCS. At 30min after addition of bistheonellide A into the medium, cell morphology changed dramatically accompanied with retraction of cytoplasm (Fig. 3B) . Cells further shrank spherically with manyarborescent processes from their surface (Fig. 3C ) and cell proliferation was not observed even after 72 h (Fig. 3D ). This type of morphology change has been reported for various cultured cells treated with F-actin disrupting agents (3, ll, 15) , CAMPanalogues (27, 28, 29, 30) , as well as in live neurons (31) . Although the doubling time of 3Y1 cells is about 16h, cells treated with bistheonellide A did not proliferate even at 72 h after treatment (Fig. 3D ). Effects ofBistheonellide A on Cytoskeleton. Immunofluorescence staining was employedto observe the effects of bistheonellide A on cytoskeleton. Control 3Y1 cells showed stress fibers composed of micro filaments (Fig. 4A) . Most of these stress fibers were disrupted with treatment of bistheonellide A for 30 min (Fig. 4B) , while remaining fibers were distributed in the periphery of cells but hardly in the cytoplasm. The treatment with bistheonellide A almost completely disrupted stress fibers in the cytoplasm within a few hours, with the remaining fibers showing in the processes of the cells (Fig.  4C ).
The effects of bistheonellide A were also investigated on other cytoskeletal components. Control 3Y1 cells showed tubulin and vimentin forming typical filamentous structures of microtubules and intermediate filaments, respectively (Fig. 5A, C) . Microtubules were distributed in the cytoplasm and more densely in the processes after treatment with bistheonellide A for 24 h (Fig. 5B) . However, most vimentin remained in the processes. Cellular myosins generally distributed along actin micro filaments (Fig. 5E ). Bistheonellide A-treated 
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cells showedfilamentous structures composedof myosin in the cytoplasm as well as in the processes (Fig. 5F ), in contrast to disappearance of stress fibers in the cytoplasm.
Inhibition of Cytokinesis and Delay of Cell Cycle Progression. Control cells before treatment with bistheonellide A were mononucleated except for those in M phase (Fig. 6A-C) . In contrast, after treatment with bistheonellide A for 24 h many cells became binucleated (Fig. 6D-F) . The nuclei in treated cells appeared to be smaller in diameter after binucleation and morecondensed than those of control cells. Further changes into tetranucleation hardly occurred from 24 to 72 h after treatment ( Fig. 6G-I) . It was noted that two nuclei in the cells which had stopped the cell cycle progression
were spatially close to each other. However, we observed that some cells which first had well-separated two nuclei in one cell later showeda shortened distance between these two nuclei (data not shown). Thus we inferred that the inhibition of cytokinesis due to bistheonellide A treatment occurred post-mitotically.
DNAcontents of diploid cells are 2C in Gl phase, 4C in G2 and M phase, and between 2C and 4C in S phase.
Normally, a group of asynchronously growing cells
show 2C and 4C peaks in flow cytometry as seen in Fig.  6 at 0h. On the other hand, cells containing 4C DNA content gradually increased when treated with bistheonellide A (Fig. 7 at 6 -72 h), demonstrating DNAreplication before binucleation of treated cells. Therefore, it was confirmed that treating with bistheonellide A inhibited cytokinesis after mitosis. If binucleation continues further following cell cycle progression produced without cytokinesis, cells with more than 32C DNAcontent ought to have appeared. However, neither cell growth (Fig. 3D ) nor further increase of the cellular DNAcontent was observed (Fig. 7) . Therefore, it is suggested that bistheonellide A inhibited the progression of cell cycle, and that the inhibition occurred at a certain stage of Gl phase. However, even after 72 h, a considerable number of treated cells remained 2C. Since the doubl- (Fig. 8 at O h). After removal of hydroxyurea, their cell cycle progressed from S phase synchronously (Fig. 8A at 3 h), reaching a flow cytometric pattern of asynchronized cells after 72h as shown in Fig. 7 at 0h. Cells treated with bistheonellide A had a cell cycle similar to those without treatment with bistheonellide A until 3 h (Fig. 8  at 3 h). However, most treated cells became tetraploid 6 h after removal of hydroxyurea (Fig. 8B at 6 h), and these were all binucleated (data not shown). Nochanges were observed in the flow cytometric pattern after 6 h (Fig. 8B ). These findings indicated that bistheonellide A did not inhibit DNAreplication but inhibited cytokinesis after mitosis, resulting in binucleation in these cells. Incidentally, a 8C peak was observed together with a 4C peak, suggesting that tetraploid cells produced by bistheonellide A-treatment continued the cell cycle with DNAreplication of 8C in S phase. Alternatively, the treatment with hydroxyurea might lead to production of tetraploid cells which were further binucleated by treatment with bistheonellide A. However, no cells having 16C were observed, suggesting that such a high content of DNAcould not be contained in one nucleus.
In the previous experiments, we found that bistheonellide A inhibited cytokinesis and arrested cells at a certain stage after mitosis, probably at the beginning of Gl phase or possibly into GOphase. Thus, we examined the effects of bistheonellide A on cells proceeding from GO to Gl phase. GOarrest was performed by removing FCS from the culture medium ( Fig. 9 at 0 h ). These cells initiated cell cycle progression again when FCS was added, and entered into S phase synchronously after 18 h ( Fig.   9A at 18 h) . After 24 h, most cells completed DNAreplication and entered into Gl phase following cell division (Fig. 9A at 24 h ). When bistheonellide A was added concomitantly with FCS, the 4C peak increased much more slowly than that without bistheonellide A, leaving the major 2C peak high even after 18 h (Fig. 9B at 18 h) . It was noted that the 4C peak after 72 h, probably containing binucleated cells, was higher than the 2C peak in contrast to cells without treatment of bistheonellide A (Fig. 9 at 72 h). Cells with 2C DNAcontent remained even over 72 h incubation, suggesting that a part of cells is arrested in Gl phase (see Fig. 7B at 72h) . Recovery of Cellular Functions after Release of Bistheonellide A. Cytoskeleton of cultured cells was disrupted by treatment with bistheonellide A, following inhibition of cytokinesis and cell cycle progression as described above. Recovery of treated cells after release of bistheonellide A was then investigated. After release of bistheonellide A, cells were gradually refilled with stress fibers in a polygonal cell shape, followed by the disappearance of the processes, but still remained binucleated (Fig. 10A, B) . However, most cells turned out to be mononucleated and their nucleus was enlarged at 72 h after release of bistheonellide A (Fig. 10E) . This recovery to mononucleation was observed during cell division at about 20 h after release of bistheonellide A. with hydroxyurea and subsequent treatment with bistheonellide A were 14 and 24 h, respectively. No obvious changes in flow cytometric patterns were observed, although the 8C peak area was slightly increased after 18 h (Fig. 1 1) . This indicates that the binucleated cells replicated their DNAat 18 h after release of bistheonellide Abefore cell division, and daughter cells turned to be mononucleated with the 4C DNAcontents. The mononucleated tetraploid 3Y1 cells induced by the treatment of bistheonellide A apparently showed the same shape as normal 3Y1 cells. However, the tetraploid cells were of larger sizes with enlarged nuclei and a slightly slower rate of growth.
DISCUSSION
Bistheonellide A possesses two Cn side chains attached to the 40-membered macrodiolide portion, whereas mycaloride B has one Cnside chain attached to the 25-membered macrolide (7, 10) . In that sense, these two compounds are structurally closely related. While mycaloride B severs and sequesters F-actin, bistheonellide A only sequesters F-actin without severing it (13, 14) . These structural differences between bistheonellide A and mycaloride B are reflected by their differences in stoichiometry in a complex with actin molecule. The two inhibitors to actin-depolymerization bind to the actin molecules with molar ratios of 2:1 and 1:1, respectively. Such differences were reflected in the varying effects on cell morphologywhenthese substances were added to cultured rat fibroblast cells, strain 3Y1. Mycaloride B showed stronger effects than bistheonellide A and disrupted not only stress fibers but also nuclei (details will be described elsewhere). Therefore, we employed bistheonellide A in this study in order to avoid any detrimental effects on karyokinesis of cultured cells. Swinhollide A, reported by Carmeli and Kashman (8) as well as Kobayashi et al. (9) , has a structure very similar to that of bistheonellide A, but it lacks the two double bonds in one molecule of bistheonellide A. Bubb et al. (15) has recently reported that swinhollide A severs F-actin and has similar effects on cultured cells to those described in this study. Tolytoxin, a cytostatic, antifungal macrolide produced by blue-green algae also specifically disrupts micro filament organization and consequently inhibits cytokinesis at 2-16 nM (16). Presumed mechanisms involved in the effects of bistheonellide Aon cell cycle progression are represented schematically in Fig. 12 . Bistheonellide A specifically inhibited cytokinesis but not mitosis, due to inhibition of actin polymerization.
Cells were arrested at a certain stage after mitosis, possibly at the beginning of Gl phase or GOphase. It is generally accepted that F-actin, together with myosin, participates in cytokinesis, forming a contractile ring to separate daughter cells after mitosis. Such functions of F-actin in cytokinesis have been often demonstrated with another actin-polymerization inhibitor knownas cytochalasins. Bistheonellide A used in this study required only one-tenth of the concentra-BT-Â r^OJ^^O^/stop tion of cytochalasin D to inhibit cytokinesis with no apparent effects on mitosis (details will be published elsewhere). Since bistheonellide A treatment arrested cells at an early stage of Gl phase and slowed down cell cycle progression when it was added at G0/G1 phase, we postulated that some other cellular signals mayexist which are transmitted through F-actin (or G-actin). Alternatively, bistheonellide A might have effects on other cytoskeletal or cytoplasmic components. Inhibition of the entry into S phase was also observed when GC-7 cells stimulated with serum were treated with 1.2 fiM cytochalasin D (32) . At this stage, the blocking of the cell cycle progression was correlated with the inhibition of protein synthesis. In these pathways, actin-binding proteins will play important roles.
Furthermore, bistheonellide A treatment produced tetraploid cells with apparently similar cell cycle progression and growth to those of diploid cells. After removal of bistheonellide A, it seems that the two nuclei adhered to each other after DNAreplication, fused followed by nuclear envelope breakdown, and finally divided into two nuclei again as shown schematically in Fig. 13 . However, no further increase of polyploidy was obtained with bistheonellide A, suggesting that a certain limitation to polyploidization is present in cells.
In conclusion, we have demonstrated in this study that bistheonellide A inhibited cytokinesis, but not mitosis, in 3Yl cells. The relevant mechanisms related to this inhibition are currently under investigation.
